In this study, the specific contribution of polyamine oxidase (PAO), a hydrogen peroxide (H 2 O 2 )-producing enzyme, to the oxidative burst induced in maize mesocotyl by the phosphatase inhibitor cantharidin was examined. For this purpose, a pharmacological approach was applied using, either in vitro or in vivo, two strong inhibitors of maize PAO (MPAO), Nprenylagmatine (G3) and its structural analogue Ro5, as well as diphenyleneiodonium (DPI), an inhibitor of the phagocyte NAD(P)H oxidase. DPI was shown to be a good MPAO inhibitor in vitro. G3, Ro5, and DPI were very effective in inhibiting in vivo the extracellular accumulation of H 2 O 2 that is released by mesocotyl segments upon spermidine supply. G3 and Ro5 did not show any inhibition in vitro of either horseradish peroxidase or barley oxalate oxidase. Moreover, G3 and Ro5 did not inhibit the extracellular accumulation of superoxide radical that is released in vivo upon NADH supply. G3, Ro5, and DPI strongly affected H 2 O 2 production induced in maize mesocotyl by cantharidin. Histochemical localization of H 2 O 2 in cantharidintreated mesocotyl cross-sections revealed an increase of H 2 O 2 -specific staining in the epidermal and subepidermal tissues. The effect was also inhibited by G3 and DPI. Moreover, an increase in MPAO activity was observed in the same tissues upon cantharidin treatment. All these data suggest that G3 and Ro5 behave as powerful and selective inhibitors of MPAO activity either in vitro or in vivo and that MPAO activity contributes to a major part of the cantharidin-induced H 2 O 2 synthesis in the apoplastic milieu of maize mesocotyl.
Introduction
Reactive oxygen species (ROS) play basic roles in the regulation of biological processes and behave as signalling molecules in mediating responses to various stimuli (Overmyer et al., 2003; Laloi et al., 2004) . In plants, hydrogen peroxide (H 2 O 2 ) has a key role in the modulation of extension growth by decreasing cell wall extensibility through peroxidase-mediated oxidative cross-linking of cell wall glycoproteins and polysaccharides (Fry, 1986; Hohl et al., 1995; Schopfer, 1996) . On the other hand, H 2 O 2 synthesis in the secretory pathway could promote the formation of large hemicellulose coagula that will result in a wall-loosening effect (Fry et al., 2000) . Moreover, a role in promoting wall loosening has recently been demonstrated for hydroxyl radicals (ÁOH) that can be physiologically produced in the cell wall by peroxidase (Liszkay et al., 2003 (Liszkay et al., , 2004 or an ascorbate/Cu + -mediated reaction (Fry, 1998) . H 2 O 2 and the superoxide radical (O ÿ 2 Á) have both been involved in defence responses against pathogens (Levine et al., 1994; Delledonne et al., 1998 Delledonne et al., , 2001 , with H 2 O 2 acting either as a direct toxic molecule or as a cell wall strengthening agent (Rea et al., 2002) . Furthermore, H 2 O 2 behaves as a second messenger in the activation of defence genes (Orozco-Cárdenas et al., 2001) and interacts synergistically with nitric oxide (NO) in inducing programmed cell death (PCD) during the hypersensitive response (Delledonne et al., 1998) . H 2 O 2 has also been implicated in the auxin-dependent gravitropic stimulus (Joo et al., 2001 ) and abscisic acid (ABA)-induced stomatal closure (Pei et al., 2000) .
H 2 O 2 production is induced by a number of elicitors in plant cells, primarily cell wall-derived oligosaccharides, and pathogen avirulence proteins, which are recognized by specific receptors, in many cases represented by leucinerich repeat (LRR) kinases (Dievart and Clark, 2004) . In this regard, it is worth recalling that in soybean suspension cell cultures, different elicitors share a common mitogenactivated protein kinase (MAPK) intermediate in the signal transduction pathway leading to the oxidative burst (Taylor et al., 2001) . The activities of specific phosphatases and kinases are also needed in the ABA signalling cascade responsible for stomatal closure (Murata et al., 2001; Mustilli et al., 2002) . The activation of a MAPK cascade and transcription factors acting downstream of the LRR receptor has recently been proposed as a conserved mechanism involved in resistance responses to bacterial and fungal pathogens (Asai et al., 2002) . The role of the protein phosphorylation status in the regulation of the burst activity has also been demonstrated by pharmacological studies, where the kinase inhibitors staurosporine and K-252a have been shown to block progression of the oxidative burst (Chandra and Low, 1995) . Accordingly, protein phosphatase inhibitors such as calyculin A, cantharidin, and okadaic acid can stimulate H 2 O 2 synthesis in the absence of elicitors (Chandra and Low, 1995) .
The ROS machinery in plants is made up of specific enzymatic sources, whose activity needs to be strictly regulated by the cell. Indeed. the physiological effects as well as the chemical identity, intensity, duration, and cellular targets of the generated secondary signals depend on the exact spatial and temporal pattern of ROS production. The main putative ROS-delivering systems in the cell wall are represented by membrane-bound NAD(P)H oxidases and apoplastic oxalate oxidases, peroxidases, and amine oxidases. In recent years, a great deal of attention has been devoted to NAD(P)H oxidases, the plant homologues of the catalytic subunit of the activated mammalian phagocytes and neutrophils (gp91 phox ). These enzymes, whose encoding genes have been isolated from rice (Groom et al., 1996) , tobacco (Plas et al., 2002) , and Arabidopsis thaliana (Torres et al., 1998) , have been shown by genetic and biochemical approaches to be a key ROS-delivering system either in response to pathogen infection (Torres et al., 2002; Plas et al., 2002; Yoshioka et al., 2003) or in physiological processes such as cell growth regulation (Foreman et al., 2003) and stomatal closure (Pei et al., 2000; Kwak et al., 2003) . Nevertheless, the role played by the alternative ROS-generating enzyme systems deserves attention, as a growing body of data strongly suggests their involvement in developmental and pathological events. Indeed, exocellular peroxidases have been implicated either in the oxidative stress response to pathogen infections in several species (reviewed in Bolwell et al., 2002) , or in the modulation of cell wall extensibility properties in maize (Schopfer, 1996; Liszkay et al., 2004) . Several lines of evidence indicate oxalate oxidases as agents of plant defence in cereals as well as in transgenic dicotyledons in which an oxalate oxidase-encoding gene from cereals has been inserted (Lane, 2002) . Moreover, amine oxidases have been suggested to be involved in defence responses to wounding and pathogen invasion in chickpea (Rea et al., 2002) and in cell wall stiffening events in maize (Cona et al., 2003) . However, the specific contribution of each source to the oxidative burst in different tissues or plants and/or in response to different stimuli is still a matter of debate.
Maize PAO (MPAO) is a secretory flavoprotein of 53 kDa (Tavladoraki et al., 1998; Š ebela et al., 2001) , which catalyses the oxidative deamination of secondary amino groups of spermidine (spd) and spermine, producing the corresponding aldehyde, H 2 O 2 , and 1,3-diaminopropane.
Light and electron microscopic analysis demonstrated its abundance in the cell walls of several maize tissues, especially the xylem, endodermis, and epidermis (Cona et al., 2005) . In this context, MPAO has been proposed to be involved in lignification as well as in cell wall stiffening events occurring in the outer tissues during the lightinduced inhibition of growth (Cona et al., 2003) .
The resolution of the crystal structure of MPAO (Binda et al., 1999) allowed the identification of powerful inhibitors of MPAO enzyme activity. Indeed, N-prenylagmatine (G3), a natural compound initially isolated from the Venezuelan plant Verbesina caracasana Fries (Delle Monache et al., 1999) , showed high binding affinity for MPAO with an inhibitory activity value (K i ) of 1.5310 ÿ8 M . Therefore, considering the chemical structure of G3, a new class of MPAO inhibitors has been designed and synthesized, and their inhibition properties have been analysed (Corelli et al., 2002; Cona et al., 2004) . Owing to their high affinity for MPAO, this family of inhibitors potentially represents a very powerful tool in the diagnostic determination of MPAO's contribution to the oxidative burst and/or physiological H 2 O 2 production. In order to verify the binding specificity of these inhibitors, in the present work the effect of G3 and Ro5 (a G3 analogue) on the other putative ROS-generating enzyme systems was analysed. Moreover, as several pharmacological studies indicating NAD(P)H oxidase involvement in a given physiological event have been based on the diphenyleneiodonium (DPI)-mediated inhibition of ROS production, the effect of DPI on MPAO activity was tested. Indeed, considering that iodonium compounds are known to inhibit a variety of flavoproteins as well as to interact with haemoproteins (Riganti et al., 2004) , the use of DPI as an unequivocal diagnostic tool in discriminating NAD(P)H oxidase involvement in biological processes often reported in the literature deserves a critical revision. Besides this, the main scope of this study was the understanding of the specific contribution of MPAO to the cantharidin-induced oxidative burst, with the aim of either establishing the reliability of our inhibitors in discriminating PAO-mediated H 2 O 2 production in an in vivo multicomponent ROS production system, or of revealing a possible direct or indirect role of phosphatase activity in modulation of PAO activity. For this purpose, the effect of G3, Ro5, and DPI on this pharmacologically induced production of H 2 O 2 was explored through biochemical and histochemical approaches.
Materials and methods
Chemicals N-prenylagmatine [G3; N-(4-aminobutyl)-N9-(3-methyl-2-butenyl)-guanidine] and its analogue Ro5 [N-(6-aminohexyl)-N9-(3-methyl-2-butenyl)guanidine] were prepared as previously described (Corelli et al., 1996 (Corelli et al., , 2002 . Na, 4-methoxy-5-[2-(2-methoxy-4-nitro-5-sulphophenyl)-5-(phenylcarbamoyl)-1,3,4-triaza-2-azoniacyclopenta-1,4-dien-3-yl]-2-nitro-benzenesulphonate (XTT) was from Polysciences (Germany). DPI, barley oxalate oxidase, horseradish peroxidase, superoxide dismutase (SOD), 3,39-diaminobenzidine (DAB), 4-aminoantipyrine (AAP), 3,5-dichloro-2-hydroxybenzenesulphonic acid (DCHBS), sodium azide (NaN 3 ), and spermidine (spd) were from Sigma-Aldrich (Italy). Cantharidin was from Alexis (Switzerland) and Etravon was from Novartis (Italy).
Enzyme activity and inhibition assays
The reported data are the average of the values obtained in three different experiments, each with two replicates. The standard error for each point was <8%. All data were obtained at 25 8C.
MPAO activity and inhibition assays: PAO was purified from maize shoots as previously described and then used for inhibition assays. For the determination of K i values, MPAO activity was measured spectrophotometrically by following the formation of a pink adduct (e 515 nm = 2.6310 4 M ÿ1 cm ÿ1 ) as a result of the H 2 O 2 -dependent oxidation of AAP catalysed by horseradish peroxidase and the subsequent condensation of the oxidized AAP with DCHBS (Artiss and Entwistle, 1981) . Inhibition assays were carried out in 0.2 M sodium phosphate buffer pH 6.5 or 5.5, containing 60 lg horseradish peroxidase, 0.1 mM AAP, and 1 mM DCHBS with spd as a substrate, in the presence or absence of G3, Ro5, and DPI as previously described (Cona et al., 2004) . K i values (where K i is the apparent dissociation equilibrium constant for the formation of the reversible enzyme-inhibitor complex) were determined according to the Dixon graphical method (Dixon, 1953) .
Pre-incubation of the enzyme with the inhibitors did not affect the results obtained. G3, Ro5, or DPI did not inhibit the activity of peroxidase in the standard assay reaction (i.e. the oxidation of a phenolic substrate by H 2 O 2 ) in agreement with what was previously reported for DPI by Frahry and Schopfer (1998) . Enzyme activities were expressed in International Units (1 U is the amount of enzyme that catalyses the oxidation of 1 lmol substrate per min).
Peroxidase activity and inhibition assays: The NADH-oxidizing activity and the NADH-dependent O ÿ 2 Á-producing activity of horseradish peroxidase were measured in the same reaction mixture. Reactions were carried out in 0.2 M sodium phosphate buffer pH 4.5, containing 2 lg ml ÿ1 horseradish peroxidase and 0.2 mM NADH, in the presence or absence of 100 lM G3, Ro5, or DPI. NADH oxidation was determined by following the decrease in absorbance at 340 nm (Frahry and Schopfer, 1998 (Frahry and Schopfer, 1998) , H 2 O 2 was assayed in the samples as described by Bellincampi et al. (2000) , by the method based on the H 2 O 2 -mediated oxidation of Fe 2+ and the subsequent reaction of Fe 3+ with xylenol orange (Jiang et al., 1990; Wolff, 1994 ) as a result of the H 2 O 2 -dependent oxidation of AAP and subsequent condensation with DCHBS catalysed by horseradish peroxidase (Artiss and Entwistle, 1981) . The reaction was performed in 50 mM sodium succinate buffer, pH 3.8 containing 3 mM EDTA, in the presence or absence of 100 lM G3 or Ro5, using 0.01 U of oxalate oxidase and 2 mM oxalic acid (Requena and Bornemann, 1999) . Preincubation of the enzyme with the inhibitors did not affect the results obtained.
Plant material and growth conditions
Maize seeds (Zea mays L. cv. Corona; from Monsanto Agricoltura, Italy) were soaked for 12 h in running water and germinated on paper, at 22 8C in a growth chamber in the dark for 5 d. Segments 1 cm long were dissected from the non-elongating zone of the mesocotyl after eliminating the 1 cm long subnodal segment, washed for 2 h in distilled water and then utilized for oxidative burst studies, as described below. Experiments were performed in the dark. Etravon (0.1% v/v) was added to all solutions as wetting agent.
In vivo determination of H 2 O 2 released by maize mesocotyl segments
Procedure 1: After washing in distilled water, segments were incubated for 30 min (10 segments in 10 ml of buffer; average fresh weight 0.25 g) in buffer A alone [10 mM sodium phosphate buffer, pH 5.5, plus Etravon 0.1% (v/v), 0.3 mg ml ÿ1 horseradish peroxidase, 0.2 mM AAP, and 2 mM DCHBS] or containing 100 lM G3, Ro5, or DPI. Afterwards, spd or cantharidin at the indicated concentrations was added to the incubation medium, either in the presence or in the absence of inhibitors. H 2 O 2 accumulation was monitored up to 5 h, following the formation of a pink adduct (e 515 nm = 2.6310 4 M ÿ1 cm ÿ1 ) as a result of the H 2 O 2 -dependent oxidation of AAP catalysed by horseradish peroxidase and subsequent condensation of the oxidized AAP with DCHBS (Artiss and Entwistle, 1981), as described above. Data reported are the mean of five independent experiments, each performed with two replicates. The 0 time point represents the value obtained immediately after the addition of spd or cantharidin to the incubation medium. Control represents estimation of H 2 O 2 accumulation by mesocotyl segments in the absence of the substrate spd or in the absence of the elicitor cantharidin. In our experimental conditions, no formation of background colour occurred. The percentage increase in H 2 O 2 accumulation after spd or cantharidin addition, as well as the percentage inhibition of this increment due to inhibitor treatments, were calculated comparing the values of the treated samples with respect to the control at the same time, after subtracting from both values the value of the time 0 control. Procedure 2: Washed segments were incubated for 30 min in buffer B alone [10 segments in 10 ml of 10 mM sodium phosphate buffer, pH 5.5, plus Etravon 0.1% (v/v)] or containing 100 lM G3, Ro5, or DPI. Afterwards, 100 lM spd was added to the incubation medium, either in the presence or in the absence of inhibitors. H 2 O 2 accumulation was measured at time 0 and after 1 h. In particular, aliquots of 500 ll were removed from the reaction mixture at the indicated time and H 2 O 2 was assayed in the samples as described by Bellincampi et al. (2000) , by the method based on the H 2 O 2 -mediated oxidation of Fe 2+ and the subsequent reaction of Fe 3+ with xylenol orange (Jiang et al., 1990; Wolff, 1994) . Data reported are the mean of five independent experiments, each performed with two replicates. The 0 time point represents the value obtained immediately after the addition of spd to the incubation medium. Control represents estimation of H 2 O 2 accumulation by mesocotyl segments in the absence of the substrate spd. In our experimental conditions, no formation of background colour occurred. The percentage increase in H 2 O 2 accumulation following spd supply, as well as the percentage inhibition of this increment due to inhibitor treatments, were calculated comparing the values of the treated samples with respect to the control at the same time, after subtracting from both values the value of the time 0 control.
In vivo determination of O ÿ 2 Á released from maize mesocotyl segments After washing in distilled water, segments were incubated for 30 min (10 segments in 3 ml of buffer; average fresh weight 0.25 g) in buffer C alone [10 mM sodium citrate buffer, pH 6 plus Etravon 0.1% (v/v) and 500 lM XTT] or containing 1 mM NaN 3 , 100 lM G3, Ro5, or DPI, or 50 lg ml ÿ1 SOD. Afterwards, 200 lM NADH or 100 lM cantharidin were added to the incubation medium, either in the presence or in the absence of inhibitors. O ÿ 2 Á accumulation was measured using the method based on the reduction of XTT (Sutherland and Learmonth, 1997) as described by Frahry and Schopfer (2001) . The absorbance at 470 nm was monitored up to 15 min and transformed into molar concentration using an extinction coefficient of 2.16310 4 M ÿ1 cm ÿ1 (Sutherland and Learmonth, 1997) . Data reported are the mean of five independent experiments, each performed with two replicates. The 0 time point represents the value obtained immediately after the addition of NADH or cantharidin to the incubation medium. Control represents estimation of O ÿ 2 Á accumulation by mesocotyl segments in the absence of NADH or cantharidin. In our experimental conditions, no formation of background colour occurred. The percentage increase in the O ÿ 2 Á level after NADH or cantharidin addition, as well as the percentage inhibition of this increment due to inhibitor treatments, were calculated comparing the values of the treated samples with respect to the control at the same time, after subtracting from both values the value of the time 0 control.
Histochemical visualization of H 2 O 2 : Hand-cut cross-sections (;150 lm thick) were obtained from the non-elongating zone of the mesocotyl of etiolated maize seedlings, after eliminating the 1 cm long subnodal segment. After washing for 1.5 h in distilled water, some sections were preincubated in 10 mM sodium citrate buffer, pH 6 containing 100 lM DPI or G3, for 1.5 h. Other sections were transferred in citrate buffer without inhibitors. Afterwards, sections were incubated with 100 lM cantharidin either in the presence or in the absence of inhibitors for 3 h. H 2 O 2 production was visualized by adding to the incubation medium 2.5 mM DAB (Angelini and Federico, 1989) as the chromogen. Reactions were blocked after 15 min, by washing sections in distilled water. At the end of the treatment, all the sections were mounted on glass slides and observed in an Axioplan 2 Zeiss microscope equipped with a video camera (Delta Sistemi, Rome, Italy). Digitized images were acquired by IAS 2001 software (Delta Sistemi). Experiments were performed independently five times, and a minimum of 10 sections for each segment were observed, yielding reproducible results. The reported micrographs are representative of single experiments.
Determination of MPAO activity in crude extract
Outer (cortical plus epidermal) tissues were obtained by drawing out the stele from segments previously incubated in buffer A containing 100 lM cantharidin for 0, 1, 3, and 5 h. Plant material was ground at 4 8C in 0.2 M sodium phosphate buffer, pH 6.5 [tissue to buffer ratio 1:3 (w/v)]. The suspension was used for total MPAO activity determination. Alternatively, homogenates were centrifuged at 12 000 g for 20 min at 4 8C. Supernatants constituted the extractable MPAO fraction. Pellets were resuspended in the appropriate volume of 0.2 M sodium phosphate buffer, pH 6.5 containing 0.01% Triton X-100 and then filtered onto Miracloth. This step was repeated three times. The washed pellets were resuspended in 0.2 M sodium phosphate buffer, pH 6.5 (3 ml g ÿ1 fresh weight) and the suspension utilized for determination of tightly wall-bound MPAO activity. Total, extractable, and tightly wall-bound MPAO fractions were used for the polarographic measurements of enzyme activity, by measuring oxygen consumption in an oxygraph (Hansatech, Norfolk, UK) equipped with a Clarke electrode, at 30 8C in 0.2 M sodium phosphate buffer, pH 6.5, as described by Augeri et al. (1990) . Outer tissues from 10 segments were used for each homogenate. Data reported are the mean of five independent experiments, each performed with two replicates.
Western immunoblotting
Protein content was evaluated by the method of Bradford (1976) . Western blot analyses were performed after protein deglycosylation (Woodward et al., 1985) , in order to eliminate cross-reactivity due to glycan moieties, using a rabbit polyclonal anti-MPAO antiserum (Federico et al., 1988) . Experiments were repeated at least three times, yielding reproducible results.
Statistics
All statistical tests were performed using analysis of variance (ANOVA). The statistical significance of differences was evaluated by P-level. P-values have been calculated comparing ROS levels in stimulated samples with respect to control at the same time, or alternatively comparing ROS levels in inhibited samples with respect to samples under stimulation at the same time.
Results
In vitro and in vivo inhibition of MPAO enzyme activity
In order to investigate the MPAO-specific contribution to H 2 O 2 production in the apoplastic milieu, a pharmacological approach was exploited using two potent inhibitors of MPAO enzyme activity, G3 and Ro5, and the wellcharacterized inhibitor of the mammalian phagocyte et al., 1993) . For this purpose, a comprehensive analysis of the in vitro and in vivo inhibitory effects of these three compounds on MPAO enzyme activity was performed. The in vitro inhibition by DPI of MPAO enzyme activity was measured at pH 6.5, the optimum pH value for the enzyme activity, and pH 5.5, the typical pH value occurring in the apoplast, the compartment where MPAO is localized in abundance. DPI competitively inhibited spd oxidation catalysed by purified MPAO at both pH values, with a K i value similar to that reported for the inhibition of the phagocyte NAD(P)H oxidase activity (O'Donnell et al., 1993) . Furthermore, G3 and Ro5 exhibited very high affinity for MPAO at both pH values, with K i values at pH 6.5 identical to those previously reported by Federico et al. (2001) . Results are summarized in Table 1 .
To determine the in vivo inhibition effectiveness of G3, Ro5, and DPI on MPAO activity, the effect of these compounds on the production of H 2 O 2 that is released in the external medium by subapical maize mesocotyl segments upon supply of spd (Figs 1, 2) , the preferred substrate of MPAO (K m =1.0310 ÿ5 M; Cervelli et al., 2001) , was analysed. In this assay, the H 2 O 2 colorimetrically revealed in the incubation medium derives from the MPAO activity occurring in the mesocotyl apoplast. In particular, H 2 O 2 determination was achieved by peroxidasemediated oxidation and subsequent condensation of AAP with DCHBS to a pink-coloured stable compound. In this assay, peroxidase works as a high affinity trap which reduces H 2 O 2 released by mesocotyl segments. Organ segments were washed extensively before adding spd, in order to decrease tissue responses to cutting injury. The addition of 5 lM spd resulted in a time-dependent increase in the accumulation of H 2 O 2 compared with the control. The effect was detectable soon after the addition of the substrate (time 1; P <0.001) and persisted up to the fifth hour (P <0.001), the last time point checked after spd addition. As shown in Fig. 1 , the addition of 100 lM G3 (P <0.001 at the fifth hour), 100 lM Ro5 (P <0.001 at the fifth hour), or 100 lM DPI (P <0.001 at the fifth hour) was very effective in inhibiting in vivo H 2 O 2 production due to 5 lM spd oxidation over 5 h. Interestingly, after 1 h incubation in 100 lM spd, that results in a 2.5-fold increase of H 2 O 2 accumulation in the incubation medium, DPI exhibited a lower inhibitory effect on H 2 O 2 production (15% inhibition; P <0.05) compared with G3 and Ro5 (90% inhibition; P <0.001), reflecting the difference in their respective K i values for MPAO (Fig. 2A) . Furthermore, all three compounds also caused a lower accumulation of H 2 O 2 still occurring in untreated segments as a consequence of excision wounding, even after thorough washing (Fig. 1 ). As expected, when H 2 O 2 production was monitored using xylenol orange ( Fig. 2B ; see Materials and methods), although similar percentages of increased H 2 O 2 levels under cantharidin stimulation and inhibition with DPI, G3, or Ro5 were revealed, much lower H 2 O 2 accumulation levels were detected in the incubation medium in all the samples. This phenomenon is probably due to the fast degradation of H 2 O 2 by scavenger enzymatic systems which results in a lower accumulation level detectable at a fixed time in the external medium as Table 1 . MPAO inhibitory activity values (K i ) of diphenyleneiodonium (DPI), N-prenylagmatine (G3), and its structural analogue (Ro5) MPAO was purified as previously described and then used for the inhibition assays. Data were obtained at 25 8C as described in the Materials and methods. K i values concerning G3 and Ro5 inhibition of MPAO activity at pH 6.5 were within the standard error of the values previously reported by Federico et al. compared with the peroxidase-mediated determination of H 2 O 2 described above.
In vivo and in vitro specificity of G3, Ro5, and DPI
To verify the reliability of G3 and Ro5 as MPAO selective inhibitors in the study of the MPAO-specific contribution to H 2 O 2 synthesis, the inhibitory activity of these compounds on the other putative ROS-generating enzyme systems in the cell wall was analysed. The effect of G3 and Ro5 on the extracellular accumulation of O ÿ 2 Á that is released in vivo upon NADH supply was tested. O ÿ 2 Á was revealed by the accumulation of water-soluble, coloured XTT formazan in the incubation medium, according to Frahry and Schopfer (2001) . The effect of DPI was also tested. Washed mesocotyl segments released O ÿ 2 Á with a 6-fold concentration increment in 15 min, upon NADH supply (Fig. 3) , according to the results reported for maize coleoptiles (Frahry and Schopfer, 2001 ). G3 and Ro5 did not exert any inhibition of O ÿ 2 Á accumulation in vivo from maize mesocotyl segments (P >0.05), while DPI inhibited it by 85% (P <0.001; Fig. 3 ), in agreement with what has already been demonstrated for the DPI-mediated inhibition of O ÿ 2 Á production in maize coleoptiles (Frahry and Schopfer, 2001) . Furthermore, as expected, almost no formation of XTT formazan occurred in the presence of SOD (P > 0.05). Since it has been demonstrated previously that XTT, at the concentration used in the assay mixture, inhibits the NADH-dependent, peroxidase-mediated O ÿ 2 Á production (Frahry and Schopfer, 2001) , it can be assumed that in this condition the formation of XTT formazan depends Fig. 2 . Inhibitory effect of diphenyleneiodonium (DPI), N-prenylagmatine (G3), and its structural analogue (Ro5) on basal or 100 lM spermidineinduced H 2 O 2 production by maize mesocotyl segments. H 2 O 2 production was measured either by procedure 1 (A) or by procedure 2 (B) (see Materials and methods). Ten washed segments were incubated for 30 min in 10 ml of buffer A alone (see Materials and methods) or in the presence of 100 lM DPI, G3, or Ro5 (A). Alternatively, 10 washed segments were incubated for 30 min in 10 ml of buffer B alone (see Materials and methods) or in the presence of 100 lM DPI, G3, or Ro5 (B). Afterwards, 100 lM spermidine (spd) was added and H 2 O 2 accumulation was estimated in the incubation medium for up to 60 min, in either control (see Materials and methods) or spd-treated segments. Data (mean values 6SD, n=5) are expressed on a fresh weight (FW) basis. P-values have been calculated comparing H 2 O 2 levels in spd-, (spd+DPI)-, (spd+G3)-, or (spd+Ro5)-treated samples with respect to control. ns, not significant; *,**, and ***, P-values <0.05, 0.01, and 0.001, respectively. Á production. Accordingly, sodium azide (NaN 3 ; P >0.05), an inhibitor of the peroxidase-mediated O ÿ 2 Á production, did not exert any inhibitory effect on the production of XTT formazan (Fig. 3) .
Moreover, to study the effect of G3 and Ro5 on other ROS-synthesizing systems, their effect in vitro on peroxidase and oxalate oxidase enzyme activity was investigated. Both the MPAO inhibitors, at the same concentration as used in the in vivo assays, did not show any effect in vitro either on the NADH oxidation or the NADH-dependent O ÿ 2 Á production activity of horseradish peroxidase (Table 2) , or on the barley oxalate oxidase enzyme activity (Table 2) . DPI, tested in order to validate the peroxidase inhibition assay in our conditions, completely inhibited NADH-dependent H 2 O 2 production without inhibiting the NADH-oxidizing activity of this enzyme (not shown), according to what was previously reported by Frahry and Schopfer (1998) .
Effect of G3, Ro5, and DPI on the oxidative burst induced by cantharidin in maize mesocotyl
From studies on plant cell suspension cultures and whole plants, it has been established that ROS production can be stimulated by protein phosphatase inhibitors such as calyculin A, cantharidin, and okadaic acid (Chandra and Low, 1995; Taylor et al., 2001) . In the present study, an inhibitor-based pharmacological approach was applied to the study of H 2 O 2 and O ÿ 2 Á production stimulated by cantharidin in the maize mesocotyl, with the aim of ascertaining MPAO-specific involvement in ROS production. For this purpose, the levels of extracellular ROS released by washed etiolated mesocotyl segments, the organ in which the physiological roles of MPAO have been studied the most (Laurenzi et al., 1999; Cona et al., 2003) , were analysed. The analyses of the dose-response curve for the oxidative burst induced by cantharidin revealed that the increase in H 2 O 2 levels is detectable in the assay system after 3 h in the presence of 50 lM cantharidin, while the maximum response is obtained with cantharidin concentrations of 100 lM ( Fig. 4 ; P <0.001 at the fifth hour after cantharidin addition). Cantharidin did not induce any increment in the level of O ÿ 2 Á released by mesocotyl segments as detected with the XTT assay described above (data not shown). G3, Ro5, and DPI strongly affected cantharidin-induced H 2 O 2 accumulation (Fig. 5) . Indeed, cantharidin-treated segments incubated in the presence of DPI (P <0.001 at the fifth hour) did not show any increase in H 2 O 2 accumulation over 5 h as compared with the control at time 0, while G3 (P <0.001 at the fifth hour) or Ro5 (P <0.001 at the fifth hour) reversed the cantharidin-induced H 2 O 2 level increase as compared with the control at the fifth hour (Fig. 5 ). These results demonstrate that the inhibitory activity of these compounds affect, even if to a different extent, either the constitutive or the cantharidin-induced accumulation of H 2 O 2 , released in the external medium by segments.
Histochemical visualization of the H 2 O 2 accumulation induced by cantharidin: effect of G3 and DPI Histochemical assays exploiting DAB (Angelini and Federico, 1989) were used for localizing H 2 O 2 accumulation, in hand-cut cross-sections of maize mesocotyl of control, cantharidin-treated, and cantharidin plus inhibitorstreated sections. A stronger DAB staining was detected in epidermal and subepidermal tissues of cantharidin-treated versus control sections, while in cantharidin/DPI-treated sections the intensity of DAB staining in the outer tissues appeared to be much lower with respect to the control (Fig. 6 ). H 2 O 2 accumulation was also inhibited in the outer tissues of cantharidin plus G3-treated sections, which showed a DAB staining level similar to that of the control sections. The high levels of MPAO activity in stelar tissues (Laurenzi et al., 1999) caused a strong DAB staining in all the samples without any detectable difference among different treatments. Table 2 . Effect of N-prenylagmatine (G3) and its structural analogue (Ro5) on horseradish peroxidase and barley oxalate oxidase activity Data are presented as means 6SD (n=3). Reactions were carried out as described in the Materials and methods, in the presence or absence of 100 lM G3 or 100 lM Ro5. Statistical analysis has been carried out comparing enzyme activities in the absence of inhibitors versus values obtained in the presence of G3 or Ro5. Effect of cantharidin on MPAO activity in the outer tissues of maize mesocotyls
In order to obtain more direct evidence of MPAO involvement in the cantharidin-induced oxidative burst, the effect of cantharidin supply on the MPAO enzyme activity level was analysed. Considering the tissue specificity of the increase in the H 2 O 2 level evidenced by DAB staining, the effect of cantharidin on MPAO expression was investigated in outer tissues from mesocotyl segments previously incubated in the presence or absence of 100 lM cantharidin for 0, 1, 3, and 5 h. To this end, tissues from the samples were homogenized and utilized for total, extractable, and tightly wall-bound MPAO activity measurements. An increase of total MPAO activity was already evident 1 h after the supply of cantharidin, while after 5 h total MPAO activity levels were 2.5-fold higher in cantharidin-treated versus control tissues (Fig. 7A) . The observed increase is entirely due to the tightly wall-bound MPAO activity, while any activity increase is detectable in the extractable fraction (Fig. 7A) . Western blot analysis of extractable MPAO fractions showed band intensities that essentially reflect the corresponding MPAO activity values (Fig. 7B ).
Discussion
Pharmacological, molecular, and reverse genetic data in Arabidopsis thaliana and other species suggest that an NAD(P)H oxidase, similarly to mammalian phagocyte oxidase, is mainly responsible for the oxidative burst that leads to rapid H 2 O 2 production in the apoplast as a consequence of biotic and abiotic stresses. Recently, this system has also been suggested to be involved in physiological responses, such as extension growth, stomatal opening, root gravitropism, and PCD events, in which ROS play a key role. On the other hand, circumstantial evidence fosters the view that other enzymatic systems, such as peroxidases, oxalate oxidases, and amine oxidases, are involved in ROS generation in this compartment. Studies on signal transduction leading to the oxidative burst have demonstrated that protein phosphatase inhibitors, such as cantharidin, calyculin, and okadaic acid, are able to induce ROS production in cells or tissues independently from exogenous stimuli or stress (Chandra and Low, 1995) . It is reported here that flavin-containing PAO is a significative source of apoplastic H 2 O 2 produced in maize mesocotyl during the cantharidin-induced oxidative burst. Supply of cantharidin to mesocotyl segments triggered an increase of both tightly wall-bound MPAO activity and the level of H 2 O 2 released in the incubation medium. The absence of an increase in the level of extractable MPAO activity could be accounted for by proteins becoming rapidly insoluble as a consequence of the oxidative burst (Bradley et al., 1992) . DAB/peroxidase-based histochemical determination of H 2 O 2 revealed that the cantharidininduced increase in H 2 O 2 level is mainly localized in the mesocotyl epidermal tissues, while the levels of this ROS are similarly high in the stelar tissues of control and Fig. 4 . Dose-response curve for H 2 O 2 released from maize mesocotyl segments following elicitation by the protein phosphatase inhibitor cantharidin. H 2 O 2 production was measured by procedure 1 (see Materials and methods). Ten washed segments were incubated in 10 ml of buffer A (see Materials and methods). Afterwards, cantharidin ranging from 5 to 100 lM was added. H 2 O 2 accumulation was determined in the incubation medium for up to 5 h, in either control (see Materials and methods) or cantharidin-treated segments. Data (mean values 6SD, n=5) are expressed on a fresh weight (FW) basis. P-values have been calculated comparing H 2 O 2 levels in cantharidin-treated samples with respect to control for each time point. ns, not significant; *,**, and ***, P-values <0.05, 0.01, and 0.001, respectively. Cant, cantharidintreated samples. cantharidin-treated sections. This suggests that the cantharidin-induced regulation of MPAO is a tissue-specific event and is likely to be linked to H 2 O 2 -consuming wall stiffening reactions, and/or ROS-mediated defence mechanisms, occurring in the epidermal tissues.
Useful tools in this study were the MPAO substrate analogues, agmatine-related compounds G3 and Ro5, that were shown to behave as powerful and selective inhibitors of MPAO activity either in vitro or in vivo at pH values typical of the apoplastic milieu. In particular, they were able efficiently to inhibit the production of H 2 O 2 deriving from mesocotyl segments treated with cantharidin. Interestingly, these compounds did not inhibit the NADHstimulated O ÿ 2 Á synthesis in vivo in mesocotyl segments. Moreover, G3 and Ro5 did not inhibit the activity of many other enzymes such as lentil copper amine oxidase, swine kidney copper amine oxidase, inducible nitric oxide synthase , papaine (K i >10 ÿ2 M; P Ascenzi and A Bocedi, personal communication), barley oxalate oxidase (this work), or horseradish peroxidase (this work). From these results, it is reasonable to hypothesize that G3 and Ro5 constitute unequivocal diagnostic tools for discriminating in vivo the PAO-catalysed H 2 O 2 production from that arising by the other main H 2 O 2 -apoplastic sources, and therefore they could be considered very useful drugs for the in vivo inhibition of PAO activity in plant tissues. In contrast, DPI was shown to be a non-specific inhibitor in our study and to be of no use in discriminating between MPAO-and NAD(P)H oxidase-mediated H 2 O 2 production in maize mesocotyl tissues. Indeed, this compound has recently been demonstrated to behave as an unspecific inhibitor of a number of flavin-containing enzymes and haemoproteins (Riganti et al., 2004) , including horseradish peroxidase (Frahry and Schopfer, 1998) .
Taken together, these data suggest that MPAO activity, at least in maize epidermal tissues, may significantly account for cantharidin-induced H 2 O 2 synthesis in the apoplastic milieu, although a role for peroxidase in producing this compound, either through an 'oxidase' cycle or through compound III decay, cannot be excluded. Indeed, XTT used to determine O ÿ 2 Á levels has been demonstrated to be a strong inhibitor of peroxidase-catalysed reactions leading to its synthesis (Frahry and Schopfer, 2001) . The absence of an increase in O ÿ 2 Á production by maize mesocotyl segments upon cantharidin supply indicates that NAD(P)H oxidase could not be involved in this event or that a rapid dismutation of the O ÿ 2 Á is operating in this system. In addressing the physiological meaning of the cantharidin-mediated PAO regulation leading to increased H 2 O 2 production in plant tissues, the following considerations can be made. As the H 2 O 2 which is detected is released in the segment incubation medium, it is reasonable to hypothesize that the system(s) operating in cantharidininduced H 2 O 2 production is located in the apoplast or in a vesicular system prepared for rapid exocytic secretion. In this context, it has been reported that in barley leaves infected with Blumeria graminis f.sp. hordei, unsuccessful penetration of the pathogen was associated with the formation of 2 lm large cytosolic vesicles accumulating H 2 O 2 (Hückelhoven et al., 1999) . A network of MAPKs are involved either in transduction of the oxidative burst signal (Taylor et al., 2001) or in sensing the oxidative stress signal in plants. Indeed, Arabidopsis MPK3 and MPK6 are both induced by H 2 O 2 either directly, through H 2 O 2 -mediated oxidation (Jonack et al., 2002) , or via MAPKKK ANP1 (Kovtun et al., 2000) . Moreover, it is well known that phosphatases can be inhibited by H 2 O 2 by means of oxidation of key cysteinyl residues (van Monfort et al., 2003) . PTP1, an Arabidopsis phosphatase that can inactivate the Arabidopsis MPK6 (Gupta and Luan, 2003) , is indeed inactivated by H 2 O 2 . Interestingly, the phosphatase inhibitor cantharidin (as well as calyculin A and okadaic acid) is autologously able to stimulate H 2 O 2 synthesis in soybean cells (Chandra and Low, 1995) . Thus the cantharidinmediated regulation of PAO activity could represent a key point in a metabolic loop leading to the oxidative burst that could have important roles in ROS-mediated events. Indeed, PAO has been reported to have a role in the production of H 2 O 2 in defence mechanisms towards fungal and viral pathogens (Cowley and Walters, 2002; Yoda et al., 2003; Takahashi et al., 2004) , wall stiffening and lignification (Cona et al., 2003 (Cona et al., , 2005 Paschalidis and Roubelakis-Angelakis, 2005a) , and PCD (Cona et al., 2005) .
The cantharidin-induced PAO regulation could be the result of a complex array of signal transduction pathways that could be linked to both development and defence events. Indeed, the cantharidin-induced PAO activity increase might be directly regulated by the phosphorylation status through specific kinase and cognate phosphatase. In this connection, a prediction analysis performed using the NetPhos 2.0 server (http://www.cbs.dtu.dk/services/ NetPhos/; Blom et al., 1999) revealed that indeed MPAO shows many potential phosphorylation sites. Analysis of the three-dimensional structure of MPAO highlighted that several of these potential phosphorylation sites are located on the external surface of the protein, therefore being easily accessible to eventual kinase or phosphatase activities (F Polticelli, personal communication). The cantharidininduced PAO activity increase could also be explained by cantharidin-mediated regulation of PAO gene expression. The above-mentioned oxidative loop could also operate at this level as it is known that H 2 O 2 is active in regulating MAPK/phosphatase involved in modulating the activity of specific transcription factors that induce the expression of an array of genes involved in the oxidative stress response (Desikan et al., 2001) .
It is worth recalling here that polyamine catabolism and anabolism may also be involved in phenomena other than the oxidative response. The reported PAO regulation could be part of complex signal transduction pathways also linked to cell division/expansion and cell cycle progression (Paschalidis and Roubelakis-Angelakis, 2005a, b) .
Finally, the undetectable amount of freely available polyamines in the extracellular spaces under physiological conditions (Yoda et al., 2003; Rea et al., 2004) implicate PAO substrate delivery in the cell wall as a part of a signal transduction pathway influenced by cantharidin. Fig. 7 . MPAO enzyme activity and protein levels in outer tissues from the non-elongating zones of mesocotyl segments. Segments were incubated in buffer A (see Materials and methods) containing 100 lM cantharidin for 0, 1, 3, and 5 h. C, control; Tr, cantharidin-treated samples. (A) Total MPAO activity levels (U: international units; mean values 6SD, n=5) expressed on a fresh weight (FW) basis. MPAO activity distribution among extractable and tightly wall-bound fractions is expressed as the percentage of total MPAO activity for each sample. P-values have been calculated comparing MPAO activity levels in tightly wall-bound fractions from cantharidin-treated samples with respect to control for each time. ns, Not significant; *,**, and ***, Pvalues <0.05, 0.01, and 0.001, respectively. (B) Western immunoblotting of extractable fractions performed after SDS-PAGE loaded on the basis of the total protein content (20 lg per well).
